of substrates, thus reducing cell signaling while causing accumulation of membrane-bound cytotoxic peptides. Similar mechanisms may be involved in toxicities observed in clinical trials of γ-secretase inhibitors. A model of allelic interference may explain the dominant negative transmission of neurotoxic loss of function in FAD neurodegeneration.
Introduction
Despite intense research efforts, the cause of the accelerated neuronal degeneration that induces Alzheimer's disease (AD) remains unclear. Most AD cases are sporadic, affecting people >65 or 70 years old, although a small fraction of cases (<5%) are caused by genetic mutations and are classified as familial AD (FAD). FAD usually occurs at younger ages and follows a more aggressive clinical course than sporadic AD. Presently, age and apolipoprotein allele E4 are the most important risk factors for sporadic AD. In contrast, FAD is caused by specific genetic changes in the genes of the amyloid precursor protein ( APP ), presenilin 1 ( PS1 ) and PS2. In addition to its involvement in FAD, APP is the precursor of the amyloid-β (Aβ) peptides that aggregate to form the amyloid plaques (APs) used to define the disorder. PS proteins are functional components of the γ-secretase proteolytic system
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Allelic interference in FAD · Presenilin and brain-derived neurotrophic factor neuroprotection · Excitotoxicity · Familial Alzheimer's disease mutations · ε-Cleavage of γ-secretase Abstract Presenilins (PSs) are catalytic components of the γ-secretase complexes that promote the ε-cleavage of cell surface proteins producing cytosolic peptides shown to function in cell signaling and gene expression. In addition, secretase cleavages at γ-sites of amyloid precursor protein substrates produce the amyloid-β (Aβ) peptides found in all people. Aggregation of Aβ peptides form the amyloid fibrils found in amyloid plaques of Alzheimer's disease (AD) patients and aged individuals. A common hypothesis suggests that AD is caused by aggregated Aβ peptides, but treatments with either inhibitors of Aβ production or anti-Aβ antibodies showed no therapeutic value. Importantly, recent evidence [Marambaud et al.: Cell 2003; 114: 635-645] shows that PS familial AD (FAD) mutations cause a loss of γ-secretase cleavage function at the ε-site of substrates manifested by a decreased production of cytosolic peptides and an accumulation of transmembrane γ-secretase substrates. These data support the hypothesis that PS FAD mutations promote neurotoxicity by inhibiting the γ-secretase-catalyzed ε-cleavage that produces the Aβ peptides which aggregate in vivo to form insoluble amyloid fibrils that precipitate in the brain as APs. Aβ peptides are derived from the amyloidogenic processing of APP through the proteolytic activities of β-and γ-secretases while in the non-amyloidogenic processing, APP is cleaved by α-secretase within the amyloid sequence preventing the production of amyloidogenic peptides. Amyloidogenic processing involves γ-secretase cleavages at γ-sites of the transmembrane sequence of APP, while γ-secretase cleavages at the ε-site of substrates produce intracellular peptides that contain the cytoplasmic sequence of substrates. Recent work shows that a large number of cell surface proteins, including APP, are cleaved at ε-sites producing intracellular peptides (termed 'CTF2', carboxy-terminal fragments of protein) similar to APP intracellular domain. A number of these peptides have been shown to function in cell signaling and gene expression [for a review, see ref. 1 ]. Interestingly, distinct PS/γ-secretase complexes process specific substrates. Thus, APP is processed by both PS1-and PS2-containing γ-secretase complexes, whereas N-cadherin and efnB are processed only by PS1-containing complexes [1] .
Despite extensive research in the last two decades, there is no agreement on the proposed neurotoxicity of APs and it remains unclear whether these structures are the main causative agents of AD [for a review, see ref
A more recent hypothesis is that soluble oligomers of Aβ are the neurotoxic agents. Indeed, evidence suggests that such oligomers may interfere with synaptic function in vitro or with memory function in experimental animal models [3] . However, it is important to note that these models are often based on overexpression of exogenous APP, an artificial condition that does not apply to AD where there is no evidence for APP overexpression [2] . Furthermore, abnormalities in animal models based on protein overexpression may result from nonspecific toxicities caused by the overexpressed polypeptides, a problem that should be addressed using appropriate controls. Additional complications of overexpression mouse models arise from the fact that APP is metabolized to a large number of derivatives some of which, such as membranebound C-terminal fragments, may be cytotoxic [1, 2] .
FAD Mutations Cause a Loss of γ-Secretase Cleavage Function at ε-Sites of Substrates
In 2003, Marambaud et al. [4] reported that PS1 FAD mutations cause a loss of γ-secretase cleavage activity at the ε-site of N-cadherin. This observation was replicated in other protein systems including efnB2, EphB2 and APP where it was shown that PS FAD mutants inhibit the production of CTF2 peptides [5] [6] [7] . These data support the hypothesis that PS FAD mutations may contribute to neurotoxicity by inhibiting the production of peptides with useful biological functions [4, 8] . Transmembrane CTF1 peptides, the substrates of γ-secretase, derive from the extracellular cleavage of cell surface proteins, and reduction in the γ-secretase-dependent ε-cleavage results in the accumulation of CTF1s and the reduction in CTF2 peptides [ 4 , 6 ] ( fig. 1 ). Additional work reveals that increased levels of CTF1s, including those derived from APP and netrin, are cytotoxic [for a review, see ref. 2 ]. Thus, accumulation of unprocessed transmembrane CTF1 peptides caused by inhibition of γ-secretase may contribute to the neurodegeneration associated with FAD mutations in vivo. Perhaps membrane accumulation of these peptides interferes with the mobility of transmembrane proteins such as receptors in the plane of the membrane with toxic consequences. Thus, PS FAD mutations may promote neurotoxicity by reducing the production of biologically active cytosolic CTF2 peptides while also promoting the accumulation of toxic CTF1 fragments. Both result from a loss of γ-secretase activity at the ε-site of substrates suggesting that increasing γ-secretase cleavage activity may be of therapeutic interest in FAD [1] . Interestingly, inhibition of Aβ by γ-secretase inhibitors (GSIs) has been associated with toxicity in clinical trials [9] , an observation consistent with reduced production of CTF2 peptides and increased accumulation of membrane-bound CTF1 fragments expected from inhibition of γ-secretase activity. Thus, by inhibiting the ε-cleavage of γ-secretase, PS FAD mutations and GSIs may cause neurotoxicity by similar mechanisms: decreasing CTF2 peptides active in cell signaling while increasing the accumulation of cytotoxic CTF1 fragments. These data suggest that an important biological function of the γ-secretase system in vivo is the removal of potentially toxic transmembrane fragments resulting from extracellular cleavages, usually by ADAM (a disintegrin and metalloproteinase) and β-site APP cleaving enzyme, of cell surface proteins.
The Ability of Brain-Derived Neurotrophic Factor and efnB to Protect Cortical Neurons from Toxic Insults Depends on PS1
Neuronal exposure to toxic insults, such as excitotoxicity and oxidative stress, is believed to play crucial roles in neurodegenerative disorders of the central nervous 128 system including AD and Parkinson's disease [10] . Recent data show that PS1 functionally interacts with EphB2 [6] , a member of the EphB family of tyrosine kinase receptors that play pivotal roles in neuronal development and cell function. Interestingly, efnB ligands also act as receptors upon binding to EphB proteins and transmit information to the efnB-expressing cell. Thus, formation of the efnB-EphB complex on neuronal surfaces acts as a bidirectional system that transmits information into both the efnB-and EphB-expressing cells ( fig. 2 ) . It has been reported that ligand-activated EphB2 interacts with the N-methyl-D -aspartate receptor regulating neuronal physiology and memory-related functions [11] . Following ligand-receptor binding, the PS1/γ-secretase system participates in the processing of both EphB2 and efnB [5, 6] , indicating that PS1 plays pivotal roles in the processing of both members of the bidirectional efnB-EphB2 ligand-receptor system ( fig. 2 ) .
We reported that activation of EphB2 receptors by efnB protects primary cortical neuronal cultures from glutamate-induced excitotoxicity and from oxidative stress, and that these functions of the efnB-EphB system depend on PS1. We also showed that PS1 is required for the neuroprotective activity of brain neurotrophins such as brain-derived neurotrophic factor (BDNF), the ligand of the TrkB receptor [12] . Specifically, the ability of BDNF to protect cortical neurons from glutamate-induced death depends on PS1. It is noteworthy that the loss of one allele of PS1 resulted in severe reduction in the neuroprotective function of both BDNF and efnB. Thus, neuronal protection by either BDNF or efnB against toxic insults requires the presence of both wild-type (WT) alleles of PS1. Furthermore, we found that the function of PS1 in neuroprotection is independent of γ-secretase [12] . In summary, our data suggest that neurons may rely on a number of neuroprotective ligand-receptor systems to survive toxic insults and that the function of at least some of these neuroprotective systems, such as BDNF-TrkB and efn-EphB2 depends on PS1. Chronic loss of the neuroprotective activity of PS1 against toxic insults (such as excitotoxicity and oxidative stress) in vivo would be expected to decrease the survival probability of neurons leading to increased death rates and dementia.
Allelic Interference Explains Trans-Dominant Transmission of Loss of Function in FAD
Our data show that inactivation of even one PS1 allele results in significant reduction in the BDNF-dependent neuroprotection against excitotoxicity [12] . The requirement of both WT PS1 alleles for efficient neuroprotection in vitro seems analogous to familial frontotemporal dementia, a disease transmitted in an autosomal dominant pattern, where loss or inactivation of one progranulin allele by a genetic mutation (haploinsufficiency) results in increased neurodegeneration [13] . There is now evidence that PS1 FAD mutations cause loss of PS1 functions, including loss of γ-secretase cleavage at ε-sites, and that this loss of function is involved in FAD [4, 14] . However, unlike frontotemporal dementia mutations which cause loss of function by inactivating one progranulin allele and reducing the amounts of cellular protein, no haploinsufficiency FAD mutants have been detected that reduce the levels of PS protein. Combined with evidence that PS forms dimers [1, 15] and the dominant-negative pattern of FAD transmission, these observations support the hypothesis that in addition to losing functional activity, the protein products of the PS FAD mutant alleles may interfere with and inhibit the function of the WT PS protein. This model of 'allelic interference in FAD' [2] is analogous to dominant-negative mutations in hereditary factor XI (FXI) deficiency where mutations in one allele not only impair the function of the mutant FXI homodimers but also inhibit the function of the WT FXI by forming heterodimers with it [16] . A similar mechanism operating in FAD mutations would result in only 25% of active PS in the cell, an amount insufficient to support BDNF-dependent neuroprotection as indicated by data that even a less dramatic reduction of 50% of PS1 results in reduced neuroprotection by this neurotrophin [12] . Importantly, the 'allelic interference' model predicts that a 50% reduction in PS (caused by haploinsufficiency-inducing mutations) would be less toxic to neurons than a heterozygous PS FAD mutant that causes allelic interference, an outcome consistent with the absence of haploinsufficiency mutants in FAD. The allelic interference mechanism of heterozygous FAD mutations also predicts stronger inhibition of γ-secretase and increased amounts of membrane-bound cytotoxic CTF1 fragments (see above and fig. 1 ) compared to the simple inactivation of one allele [17] . 
